This paper describes power system stabilization with a VSG (virtual synchronous generator) control scheme by using VSC (voltage source converter) type HVDC (high-voltage DC transmission) with SMES (superconducting magnetic energy storage). Power system stabilization schemes that prevent instability due to the disturbance in grids that are connected to renewable power sources were studied. This paper further discusses the effect of SMES connected to the DC link of the VSC-HVDC system for the compensation of power fluctuation caused by distributed generators in one AC newtork of HVDC for eliminating the influence on the network on the other side to which the HVDC is connected. Simulations using PSCAD/EMTDC were carried out to evaluate the performance of the applied control system.
Introduction
The number of renewable power sources connected to electrical power grids, such as photovoltaics (PV) and wind turbines is rapidly increasing. For example, the expected accumulated power of wind turbines and PV to the Japanese power grid will be 4.9 GW and 14.3 GW by 2020, and 6.6 GW and 56 GW by 2030, respectively. With the rapid increase in the capacity of distributed generators, maintenance of grid stability is becoming important because their extensive use in interconnected power grids tend to result in instability issues. Fluctuations in renewable energy can lead to system power oscillation which in turn results in instability and frequency deviation problems in power systems. Conventional power plants are equipped with synchronous generators and such power plants can realize frequency control. However wind turbines and PV are not equipped with a frequency control mechanism, but they maintain power system frequency by using PLL (phase locked loop).
To preserve the positive effect of inertia on stability of power systems, methods that allow for an inertial response need to be developed. There are many methods and devices that revert the frequency to its nominal value. In this paper, a VSC type HVDC system is applied to do so. In most grid-connected VSC systems, a PLL method based on power synchronization control is used. Ref.
(1) describes a power synchronization control similar to a synchronous machine; however, it does not describe power system stabilization control. Similarly, this paper discusses a VSC-HVDC connected with a weak AC system.
Recently, a novel concept VSG (virtual synchronous generator) was proposed as a control strategy to tackle stability * Division of Electrical, Elelctronic and Information Engineering, Graduate School of Enginerring, Osaka University 2-1, Yamada-oka, Suita 565-0871, Japan issues in a power system with distributed generators (2) . VSG is a control scheme of inverters that behave as SGs (synchronous generators). In the literature on VSG includes its application to grid stabilization with inverter-connected-type distributed generators (3) (4) , especially in microgrid systems. However, using VSG in the stabilization of large-scale power systems has not been studied thus far.
In the case of large-scale power systems, many generators including distributed generators are connected to the power system. Therefore, it would be difficult to connect the VSG controller to all the distributed generators in the system for higher stability. In this paper, a method to enhance the stability of power systems by using the HVDC system equipped with VSG control is proposed. Moreover, conventional speed deviation control (5) is described for comparison with the VSG method.
Installing SMES (superconducting magnetic energy storage) in the DC link of HVDC is more effective than on the AC side because power fluctuation in both the systems with DC inertia can be compensated for by a common SMES. In Refs. (6) and (7), an SMES coil is directly connected in series with power converters. However, this configuration causes changing of the current flowing through AC/DC converters of HVDC due to charging and discharging of SMES. Therefore, a DC-DC converter is used as an interface between HVDC and SMES in order to reduce the rating of AC/DC converters of HVDC. In this research, SMES is connected at the DC link of VSC-HVDC in order to make independent stabilization of two AC systems. The purpose of using SMES is to smooth out fluctuating power and to maintain constant power flow in one terminal side of HVDC by absorbing and providing power according to the system requirement while power fluctuations exist at the another terminal as shown in Fig. 1 .
The effectiveness of the proposed VSG control scheme and SMES for power system stabilization is investigated by c 2012 The Institute of Electrical Engineers of Japan. Figure 2 shows the configuration of proposed control system. In this VSC-HVDC model, SG (Synchronous Generator) and disturbance source exist in AC1 network. SG represents the power grid and disturbance source represents as distributed generator of renewable energy source. There are two six pulse voltage source converters in each sending and receiving side, and four SMESs which are attached in shunt in each VSC in DC link.
Control Schemes
To avoid the influence of the disturbance source in SG side, grid stabilization is considered. The output of SG side is stabilized by rectifier side converters. To maintain constant power flow into receiving terminal AC2 network, SMES system compensates power fluctaution of AC1 terminal by realizing required power (ΔP 1 ) to be compensated. Therefore, ΔP 1 is applied to control of SMES. In inverter side converters, dc voltage control is applied to keep rated dc line voltage constant.
Control Scheme of SMES
The SMES is composed of a DC-DC chopper and a superconducting coil as shown in Fig. 3 . The function of SMES in the proposed system shown in Fig. 1 is to absorb power fluctuation of ac system (AC1) while keeping constant power flow to another ac system (AC2). According to the system circuit configuration, receiving side power (P 2 ) is
where P * 1 and P * 2 are reference power of P 1 and P 2 in Fig. 2 , ΔP 1 is power variation of rectifier ac bus (ΔP 1 = P 1 − P * 1 ) and P S MES is power from SMES.
To obtain stable power flow of P 2 , SMES power (P S MES ) and disturbance power amount (ΔP 1 ) should be the same as shown in Fig. 4 . Therefore, ΔP 1 is added to SMES control system to compensate required power of the system. Moreover, SMES current needs to be kept constant so that stored energy in the SMES coil can be maintained constant by P S MES,avg , which means a constant power to supply losses of SMES.
The stored energy (E S MES ) and rated power (P S MES ) in the coil can be expressed as, 
where L S MES is the inductance of the coil and I S MES is the current flowing through the coil. With above consideration and equations (2) and (3), the feedback block diagram of SMES energy control loop is shown in Fig. 5 . The input of PI controller is the error of SMES stored energy, and the output is the average constant power of SMES. The reference instantaneous power of SMES to compensate power requirement of the system is determined by P S MES,avg + ΔP 1 = P * S MES . Equation (4) shows Power System Stabilization Control by HVDC using VSG Zarchi Linn et al. (4) is not so important for dynamic characteristics as E * S MES is constant. Assuming the frequency of fluctuating power (ΔP 1 ) is larger than 1 Hz, the second term of equation (4) should be integral for the frequency region larger than 1 Hz in order to absorb the fluctuating power ΔP 1 by SMES. Considering these points, K 2 = 1 and T 2 = 10 were chosen. The bode diagram of the transfer function of equation (4) is shown in Fig. 6 and the complete control block of SMES is shown in Fig. 7 .
Control Scheme of Grid Stabilization
In the grid stabilization scheme, two methods are studied. One is conventional speed deviation control and the other is VSG (virtual synchronous generator) control. Figure 8 shows the control block of conventional frequency control for grid stabilization. Frequency of grid is controlled to bring back to its nominal value closely. In this conventional speed deviation control (8) , Δω [Δω = ω − ω 0 , ω 0 = 2π·60 rad/s] is the speed deviation of SG. In this control case, AC1 grid power is stabilized by realizing power variation amount (ΔP g ) which is determined by speed deviation (Δω) with constant gain (K). Figure 9 shows the control block for rectifier side converter (VSC1). Constant initial value of SG power (P g0 ) is added to ΔP g to determine the reference value of grid power. Then, grid power is controlled by using PI controller to maintain its average value. From the output of PI controller of P g , reference value of ac input power (P * 1a ) to rectifier converter (VSC1) is given to apply for internal current control part. After converting reference three phase sinusoidal voltage of converter, third harmonic is injected to improve dc voltage utilization in generation of PWM. The same control block as VSC1 is applied for VSC2.
Conventional Speed Deviation Control

Virtual Synchronous Generator Control
The model of synchronous generator used in this research is a cylindrical-rotor type. In the concept of VSG control, rectifier side converters are controlled to behave like a synchronous generator. The control scheme of VSG is based on the swing equation of synchronous generator. VSG has virtual inertia which is realized by Equation (5).
In equation (5), M is the inertia constant, J is the inertia moment of rotor, ω m is the speed of the rotor, and P base is based power of the system. Kinetic energy of VSG (E VS G ) can be described as
From this energy equation, power swing equation of generator can be expressed as equation (7). As there are damper windings on the rotor of the synchronous generator, the damping term is added to swing equation. 
Δω m = ω m − ω m0 .
where P g0 and P g are the input and output power of SG respectively, D is the damping coefficient, ω m is the virtual rotating frequency and ω m0 is synchronous rotating frequency. For SG, the governor function as shown in Fig. 10 is used to provide the input mechanical torque signal to the machine. In governor function, δ is the speed regulation which is typically 5%. Figure 11 shows the digram of VSG control block. The swing equation (7) is applied to the VSG control in rectifier side converters.
Virtual mechanical phase, ω m is calculated in swing equation by substituting P g0 and P g in VSG control. Then, virtual mechanical phase (θ m ) is calculated by integrating ω m . θ m is controlled as a phase reference to generate three phase sinewave for rectifier ac voltage. In this VSG control based on generator swing equation, the change of ω m over a time step Δt can be calculated by the application of the forth-order Runge-kutta approximation as shown in Fig. 12 of the flow chart of applied VSG control.
Simulations
To verify the proposed control methods, simulations were carried out by PSCAD/EMTDC. Two cases of simulaitons for grid stabilization by using conventional speed deviation control and VSG control are presented. The parameters of synchronous generator and SMES are shown in Table 1 and  Table 2 , respectively. VSC-HVDC system links AC system with a short circuit ratio (SCR) of 3. Disturbance source is a current disturbance source. Figure 13 shows the configuration of simulated system. This simulation system 
Simulation with Conventional Speed Deviation Control of Grid Stabilization
Simulation by Using VSG Control for Grid Stabilization
In this case, AC1 grid is stabilized by using VSG control based on the swing equation of synchronous generator as shown in Fig. 14 . In this simulation, M = 200 s, D = 119 W/rad and P base = 320 MW where the capacity of rectifier is taken as P base , are used. For choosing the appropiate values of M and D, firstly the value of D is set at the fixed value. Then, the value of M is chosen according to the simulation results of grid power stability. The detailed graph of setting of parameters M and D is described in section 4.
Simulation Results
Effect of Proposed Grid Stabilization Control
In this simulation case, disturbance of distributed generator source starts at 4 s of simulation time as shown in Fig. 15 of waveform of disturbance power (P d ). Figure 16 shows the simulation results of active power of AC1 grid (P g ) without stabilization control and with conventional speed deviation and VSG control, respectively.
Investigating the results of simulation, power oscillation at AC1 grid was occurred when disturbance happens at the distributed generator side if there is no stabilization control for the grid. Disturbance of the distributed generator affects on grid frequency deviation. Therefore, output frequency of the grid can not keep to its nominal value. However, the grid frequency can be restored to its rated value by VSG control as well as speed deviation control as shown in Fig. 17 . Therefore, the grid power (P g ) is maintained stable by the proposed stabilization controls as shown in Fig. 16 . Although both VSG and speed deviation control can stabilize grid power to avoid the influence of disturbance, VSG control is more convenient because VSG can keep the grid frequency to its nominal value without speed information (Δω) from a generator.
Effect of SMES for Stabilization of Power Flow
As the disturbance contributes to rectifier side converters, sending power of HVDC (P 1 ) is fluctuated. However, there is no influence of power fluctuation in inverter side because of the effectiveness of SMES control system. Therefore, power flow (P 2 ) is maintained constant in the receiving side AC2 network. The effectiveness of SMES for compensation of power fluctuation can be seen in Fig. 18 . SMES coil current (I S MES 1 ) is shown in Fig. 19 . The waveform of current flowing through SMES coil shows that the average of SMES coil current is stable. Therefore, the stored energy in the coil is also kept constant.
Effect of D and M of VSG on System Stability
In the proposed control of VSG for grid stabilization, the sending side of the system can be drawn as two machines system as shown in Fig. 20 .
Power swing equations for two machines in Fig. 20 can be written as
where M 1 , D 1 , δ 1 , P m1 and P e1 are the inertia constant, the damping coefficient, rotor angle, mechnical and electrical power of SG, and M 2 , D 2 , δ 2 , P m2 and P e2 are those of VSG respectively. Multiplying both sides of equation (8) by M 2 and equation (9) by M 1 and substracting, the following equation (10) is obtained.
Neglecting losses in tranmission line between two machines, the expressions for P e1 and P e2 are given by
Swing equation (10) can be linearized around the operating point that is characterized by δ 120 . Variation signal Δ around the operating point is defined by equation (14) is obtained.
Linear approximation for the swing equations of SG and VSG is obtained as shown in equation (15).
The solution of this linear set of equations can be characterized by eigenvalues shown in equation (16).
Stability of the system can be discussed by the eigenvalues. P s in equation (16) can be calculated as follow:
Reference power of the system of Fig. 20 can be expressed as
Then, the value of P s is as
Since the value of P s is very large (P s = 905 × 10 6 W with P re f = 320 MW), the value in the square root of the equation (16) is usually negative, hence the second term of equation (16) is the imaginary part of the eigenvalues. When the first term of equation (16) The eigenvalues corresponding to the power swing modes of Fig. 21 in stable and unstable condition are shown in Fig. 22 . As shown in Fig. 22 , the pole locations exist on right side plane in unstable modes and on left side plane in stable modes of the system. Figure 23 shows the simulation result of system power in unstable mode. The system power has very large oscillation and it can not maintain constant in the unstable area. The rectifier side power shown in 
Conclusions
VSG control based on the swing equation of a synchronous generator for stabilization of SG gird was proposed in the application of VSC-HVDC with SMES in DC link. Conventional speed deviation control is also presented for grid stabilization. Investigating the simulation results, the grid is stable and there is no influence of disturbance when the rectifier side converters are controlled with both VSG to behave like a synchronous generator and conventional speed deviation control. Comparing these two methods, VSG control is more convenient because VSG can keep the grid frequency to its nominal value without speed information from a generator. Since there is virtual inertia which can restore the frequency to be back to nominal value in VSG, it can contribute to increase the natural inertia response of the system. The stability of the system can be explained by eigenvalues analysis.
SMES connected in the DC link of VSC-HVDC system was described for compensation of power fluctuation caused by the distributed generators. Simulation results show the effectiveness of SMES in stabilization of power flow in one terminal side of HVDC while another terminal side power is fluctuated.
